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Estimation of Safe and Adequate
Daily Intake for Arsenic*

Eric O. Uthus
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Arsenic (As) is generally found at low concentrations in drinking
water (1-2 ng/L). In some areas, however, concentrations of 50-400 ug
As/L of drinking water are found. Average daily dietary intake of arse-
nic by humans ranges from 12 to 40 pg. Seafood, grains, and cereal
products contribute the most arsenic to the diet. Generally, the arse-
nic in water is inorganic and that of seafood is organic. Inorganic forms
of arsenic are the most toxic; thus, when drinking water levels of arse-
nic are high, health problems may occur. Absorption of arsenic de-
pends on the form and solubility of the arsenic compound: inorganic
arsenic is methylated in the liver. If arsenic ingestion is low, accumu-
lation is not significant in any tissue; however, the highest concentra-
tions of arsenic are usually in the skin, hair, and nails. Arsenic is ex-
creted rapidly, usually in urine. Studies with rats, hamsters, chicks,
goats, and minipigs have provided evidence supporting the essentiality
of arsenic; thus, it is likely arsenic will be found to be essential for
humans. An arsenic requirement between 25 ng and 50 ng/g diet was
suggested for growing rats and chicks eating a diet containing approxi-
mately 4000 kcal/kg. Based on this, a calculated arsenic requirement
for humans eating 2000 kcal would be 12-25 ug/day.

Dietary Sources

In a 24-hour duplicate diet study, Dabeka et al. (1987) found a mean
dietary intake of 16.7 ug/day for a group of adults living in five Cana-
dian cities. Food items were broken down into 10 categories. Mean
arsenic concentrations ranged from 0.46 ng/g for drinking water to
60.1 ng/g for meats and fish. The food categories contributing most
of the arsenic to the diet were cereals and breads (18.1%), starch vege-
tables (14.9%), and meats and fish (32.1%). Arsenic is generally high
in seafood (e.g., clams, 2.3 ug/g; salmon, 1 pg/g; and tuna, 0.39 pg/g).
Thus, eating a disproportionate amount of seafood can drastically al-
ter daily arsenic intake. Arsenic concentrations on a dry weight basis

*Editor’s comment: It is important to note that at the present time, arsenic
is not recognized as an essential element in humans.
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(ng/g) of selected food items are wheat flour, 0.01-0.09; rice, 0.4; car-
rots, 0.03-0.8; potatoes, 0.01-0.02; and apples, 0.04-1.72. Arsenic con-
centrations on a fresh weight basis (ug/g) of selected food items are
chicken, 0.02; shrimp, 1.3-42; milk, 0.0005-0.07; and cod, 2.2 (Na-
tional Academy of Science [NAS] 1977). Other studies report daily ar-
senic intakes of 12 to 40 pg/day (Buchet et al. 1983, Mykkdnen et al.
1986, Evans and Sherlock 1987). The FAO/WHO maximum accept-
able daily load of arsenic for humans is 2 pg/kg (Dabeka et al. 1987).

Metabolism

[norganic arsenate or arsenite is readily absorbed (>90%) if the in-
gested inorganic arsenic is soluble. Organic arsenic from seafood is
also highly absorbed (about 80%); other organic arsenic compounds
are only 15-0% absorbed (Ishinishi et al. 1986). Both inorganic arsenite
and arsenate (following reduction to arsenite) are methylated in the
liver, and the enzymatic reaction requires glutathione and S-adeno-
sylmethionine (Buchet and Lauwerys 1988). Oxidation of arsenite to
arsenate can also occur (Vahter and Envall 1983). Excretion of arsenic
is mainly through the urine; the rate of urinary excretion depends
on the form of arsenic ingested, with only a few percent of the in-
gested arsenic excreted in the feces (Bertolero et al. 1981, Mealey et
al. 1959). In humans, the urinary excretion of a low oral dose of inor-
ganic arsenic consists of approximately 20% inorganic arsenic, 20%
monomethylarsonic acid, and 60% dimethylarsinic acid (Crecelius 1977,
Tam et al. 1979, Buchet et al. 1981a). A trimethyl form of arsenic has
also been reported in the urine following exposure to seafood arsenic
(Yamato 1988). In humans there apparently are three phases of uri-
nary cexcretion of arsenic: after intravenous injection of arsenite the
biological half-lives of pools were determined to be 2, 8, and 192 hours
(Mealey et al. 1959), after oral ingestion of arsenate, 66% of the dose
was climinated with a half-life of 2.1 days, 30% of the dose with a
hatf-life of 9.5 days, and 3.7% of the dose with a half-life of 38 days
(Pomroy ct al. 1980). After organic arsenic ingestion from seafood, the
half-Tite was estimated to be less than 20 hours (Ishinishi et al. 1986).

Excessive Intakes and Toxicity

Because of the mechanisms for homeostatic regulation, the toxicity
through oral intake of arsenic is relatively low. Valentine et al. (1979)
found that it was necessary to consume at least 200 ng As per day
betore blood arsenic concentrations increased. Vallee et al. (1960) esti-
mated that the acute fatal dose of arsenic trioxide for humans is 70-
1SO myg. It has been calculated that there is more than a 1000-fold
difference between the ratio of acute arsenic toxicity to nutritional
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dose for rats (\Nielsen and Uthus 1984). Also, no adverse effects were
seen in rats supplemented with 5 pg As (as sodium arsenite)/mL in
their drinking water from weanling to death (Schroeder et al. 1968).
Thus, there is at least a 100-fold difference between a chronic toxic
dose of arsenic and the required amount of arsenic for the rat. In hu-
mans, there is a slightly reduced methylation capacity above 250 ng
As/day (Buchet et al. 1981b). Thus, assuming 100% absorption and
diets supplying 12-40 ug As/day, normal daily intake and lowest ob-
served effect on arsenic methylation capacity ranges from a factor of -
6 to a factor of 20. These ratios are probably low because arsenic from
food is absorbed at less than 100%, probably closer to 80%. Organic
arsenic is virtually nontoxic. A 10-g dose of arsenobetaine per kilo-
gram body weight depressed spontaneous mobility and respiration in
male mice, but these symptoms disappeared within an hour (Kaise et
al. 19895).

The signs of subacute and chronic exposure to high concentrations
of arsenic in humans include the development of dermatoses of vari-
ous types, hematopoietic depression, liver damage, sensory disturbances,
peripheral neuritis, anorexia, and loss of weight (Ishinishi et al. 1986).
Numerous epidemiologic studies have suggested an association between
chronic high arsenic exposure and cancer. The role of arsenic in the
carcinogenesis process, however, remains controversial. Arsenic is a
clastogen, and recent evidence suggests that it is not a primary car-
cinogen or initiator but may be a cocarcinogen, promoter, or a copro-
moter (Brown and Chu 1986, Fowle et al. 1991).

Essentiality Studies

Early attempts to prove the essentiality of arsenic were unsuccessful
or had confusing results because the arsenic content in the arsenic-
deficient diets was unknown or too high, or because the arsenic con-
tent of the control diets was too high. The results of several studies
also were confounded by the use of diets that were nutritionally
incomplete and thus contributed to the poor growth of the control
animals. .

The first strong evidence of arsenic essentiality were provided by
studies by Nielsen et al. (1975) and Anke et al. (1976). In the studies
by Nielsen and coworkers (1975), rats were fed a diet based on skim
milk and acid-washed corn. The basal diet contained approximately
30 ng As/g; control diets were supplemented with 4.5 ug As/g. Dams
were placed on the diet within 2 days of being bred. The offspring of
the arsenic-deprived dams displayed a rougher coat and a slower growth
rate than the offspring from the controls. Males were more affected
than females by arsenic deprivation. At 12-15 weeks after birth, the
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arsenic-deprived males, compared to controls, exhibited enlarged black-
ened spleens containing 50% more iron on a per gram basis. The spleens
of the arsenic-deprived females were also enlarged but to a lesser ex-
tent than the spleens from males. In both sexes, arsenic deprivation
caused an elevated erythrocyte osmotic fragility.

Anke et al. (1976) presented evidence for the essentiality of arsenic
for goats and minipigs. A semisynthetic diet containing less than 50
ng As/g was fed to growing, pregnant, and lactating goats and minipigs,
and to first- and second-generation offspring. Controls received 350
ng As/g diet. Only 58% of the arsenic-deprived goats and 62% of the
arsenic-deprived minipigs produced offspring compared to 92% and
100% of the respective controls. The oftspring from the arsenic-deprived
animals exhibited depressed growth and elevated mortality rate. Some
lactating arsenic-deprived goats died, apparently from myocardial ab-
normalities. There was an increase in mitochondrial membrane con-
tour ultrastructurally in the heart; a fine granular and electron dense
material was also seen in the membrane. At a more advanced stage, a
rupture of the mitochondrial membrane occurred (Anke 1986).

Nielsen and Shuler (1978) reported findings of essentiality for arse-
nic in growing chicks. Day-old cockerel chicks were fed a diet based
on dried skim milK, acid-washed corn, and high-protein casein. The
basal diet contained approximately 15-25 ng As/g. Controls received
the basal dict supplemented with 1 pg As/g. Some of the arsenic-
deprived and arsenic-supplemented chicks were supplemented with
20 g arginine/kg diet. After 4 weeks the arginine-supplemented, arsenic-
deprived chicks weighed significantly less than comparable controls.
Other findings of arsenic deprivation in the arginine-supplemented
chicks included an clevated liver weight/body weight ratio and an ele-
vated concentration of zinc and depressed concentrations of arsenic,
iron, and manganese in the liver. In retrospect, the study by Nielsen
and Shuler (1978) was the first performed in which arsenic depriva-
tion was studied in animals with a stressed methionine metabolism.
Guanidoacetate, formed in the metabolism of arginine, is methylated
by S-adenosvimethionine forming creatinine. Thus, feeding high
amounts of arginine can result in an induced methyl/methionine de-
ticiency because of the required methylation in the metabolism of
guanidoacetate. Shortly after the study of Nielsen and Shuler (1978),
experiments in the lfaboratories of Nielsen and Uthus focused on as-
certaining the possible physiologic importance of arsenic in methio-
nine metabolism.

The effects on arsenic deprivation of methyl depletion as the result
of high dietary guanidoacetate (GAA) were studied in rats and chicks
(Uthus and Nielsen 1986). Day-old cockerel chicks were assigned to
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groups of similar weight in a fully crossed, three-factor design. The
dietary variables were arsenic, O or 2 ug/g; choline, 0.65 or 1.3 g/kg;
and GAA, O or S g/kg. The basal diet contained about 15 ng As/g. After
28 days, an interaction between arsenic and GAA affected body weight,
hemoglobin, and plasma total creatine-creatinine. Regardless of die-
tary choline, GAA markedly depressed growth and hemoglobin con-
centration; arsenic deprivation exacerbated the depression. GAA
supplementation elevated plasma total creatine-creatinine; arsenic dep-
rivation enhanced this elevation. In experiments with rats, GAA was
supplemented at 5 g/kg diet, and choline, folic acid, and vitamin B,
were all excluded from the diet (Uthus and Nielsen 1987). In the chick
and the rat experiments, arsenic deprivation depressed growth.

In a study by Cornatzer et al. (1983), the effect of arsenic depriva-
tion on phosphatidylcholine biosynthesis in liver microsomes of the
rat was determined. At 71 days of age, compared to controls fed 2 ug
As/g, male rats fed a diet containing less than 15 ng As/g had a de-
pressed specific activity of phosphatidylethanolamine methyltransferase
and depressed total liver microsomal activities of phosphatidyletha-
nolamine methyltransferase, phosphatidyldimethylethanolamine meth-
yltransferase, and choline phosphotransferase.

The studies described above demonstrate that the nature and sever-
ity of the signs of arsenic deprivation are affected by dietary manipu-
lations that impact methionine metabolism, and that many signs of
arsenic deprivation include apparent perturbations in methionine me-
tabolism. Because S-adenosylmethionine is of dominant importance
in the metabolism of methionine, and because it is involved in
polyamine biosynthesis, an experiment was performed to determine
the effect of arsenic deprivation on polyamine biosynthesis (Uthus et
al. 1989). Arsenic deprivation decreased spermidine to 89% and sper-
mine to 90% (on a per gram basis) of respective control values. S-
adenosylmethionine decarboxylase was decreased to 83% of the con-
trol value by arsenic deprivation; ornithine decarboxylase tended to
be decreased by arsenic deprivation.

Ina 2 x 2 factorially arranged experiment, an amino acid-based diet
was utilized to ascertain the effects of a simple dietary methionine de-
ficiency on arsenic deprivation (Uthus and Poellot 1990). Dietary vari-
ables were methionine, 1 or 5 g/kg, and arsenic, 0 or 1 ug/g. The basal
diet contained 0.14% methionine and about 10 ng As/g. Arsenic dep-
rivation decreased growth and mean corpuscular hemoglobin in rats
fed 1 g methionine/kg diet but had no effect on those variables in rats
fed 5 g methionine/kg diet; this resulted in a significant interaction be-
tween arsenic and methionine. An interaction between arsenic and
methionine also affected mean corpuscular volume, bone concentrations
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of copper, potassium, magnesium, and zinc, and heart concentration
of calcium. Also, bone, heart, and plasma iron concentrations tended
to be increased by arsenic deprivation in the rats fed 1 g methionine/
kg diet.

Several of the findings from the above experiment were similar to
signs of vitamin Bg deficiency. Other studies have also produced find-
ings that signs of arsenic deprivation are similar to signs of vitamin
Be deficiency. These include a decrease in the specific activity of liver
cystathionase and a tendency for a decrease in the specific activity of
ornithine decarboxylase (both enzymes utilize the cofactor pyridoxal
phosphate); a decrease in rat and hamster plasma taurine (taurine syn-
thesis requires vitamin B,,); and changes in mean corpuscular volume,
mean corpuscular hemoglobin, total blood hemoglobin, hematocrit,
and tissue iron (all of which can be affected by changes in vitamin
B, metabolism). Therefore, a 2 x 2 x 2 experiment was designed to
ascertain the effect of pyridoxine on arsenic deprivation in rats (Uthus
and Poellot, in press). Dictary variables were arsenic, 0 or 1 ug/g, methio-
nine, 0O or 3 g/Kg, and pyridoxine, 0 or 10 mg/kg. The basal diet con-
tained less than 15 ng As/g and 0.24% methionine.

After 10 weeks, growth was reduced by arsenic, pyridoxine, or methio-
nine deprivation. Both endogenous (-PP) and pyridoxal S-phosphate
(+PP) erythrocyte aspartate aminotransferase were decreased by pyri-
doxine deficiency. The ratio of +PP/-PP, known as the activation coef-
ficient (AC), was affected by an interaction between arsenic and pyri-
doxine. Pyridoxine deficiency resulted in a less-marked increase in AC
in the arsenic-deprived rats than in the arsenic-supplemented rats. The
iron concentration in plasma was slightly decreased by pyridoxine de-
ficiency in the arsenic-deprived rats but increased by pyridoxine defi-
ciency in the arsenic-supplemented rats. Plasma threonine and serine
were increased by arsenic supplementation in the pyridoxine-deficient
rats but there was no effect of arsenic supplementation on these amino
acids in the pyridoxine-supplemented rats. The concentration of alan-
ine in plasma was decreased by arsenic or pyridoxine deprivation. In
pyridoxine deficiency, arsenic deprivation had no effect on plasma
glycine concentration in the methionine-deficient rats but decreased
the concentration of plasma ghycine in the methionine-supplemented
rats. In the pyvridoxine-supplemented rats, arsenic had no cffect on
plasma glycine concentration, regardless of dietary methionine.

Possible Site of Action or Physiologic Role of Arsenic

The signs of arsenic deprivation are numerous and have been described
for the goat, minipig, rat, hamster, and chick. The responses to arsenic
deprivation have varied in nature and severity with alteration in
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dietary concentrations of numerous substances, including arginine,
choline, guanidoacetate, pyridoxine, and methionine. These substances
are all related because they affect methionine metabolism.

There are several areas in methionine metabolism in which arsenic
could have a physiologic role. The areas under consideration involve
the biosynthesis and metabolism of taurine and the polyamines and
the metabolism of labile methyl groups from methionine.

Estimated Safe and Adequate Daily Dietary Intake

Presently there is not an accurate measure for assessment of arsenic
status in humans or laboratory animals, and there is not any conclu-
sive evidence of human arsenic essentiality. A report by Mayer et al.
(1993) correlates low serum arsenic concentrations in hemodialysis
patients with central nervous system disorders, vascular diseases, and
cancer. Mean serum arsenic concentration in the hemodialysis patients
was 8.5 £ 1.8 ng/mL; in controls the concentration was 10.6 £ 1.3
ng/mL. The authors concluded that arsenic homeostasis was altered
by hemodialysis treatment and certain diseases and, therefore, main- '
taining desirable arsenic concentrations in the body seemed reason-
able. Furthermore, the authors suggested that arsenic deficiency may
impose an additional risk to hemodialysis patients and that supple-
mentation may be appropriate. These may be the first reported cases
of arsenic deficiency in humans. Also, pathological conditions in hu-
mans have not been attributed to arsenic deprivation. Thus, any esti-
mated safe and adequate daily dietary intake (ESADDI) must be ex-
trapolated from animal findings but balance studies have not yet been
undertaken to determine the requirement of arsenic for laboratory ani-
mals. There have been, however, several studies that determined the
response of arsenic deprivation signs in rats and chicks to graded
amounts of supplementary arsenic. In experiments done by Uthus et .
al. (1983), an arsenic requirement of less than 50 ng/g diet, and prob-
ably near 25 ng/g diet, was suggested for growing chicks and rats fed
experimental diets containing about 20% protein, 9% fat, 60% carbo-
hydrate, and 11% fiber, minerals, and vitamins. Thus, these diets con-
tained approximately 4000 kcal/kg. Therefore, a possible arsenic re-
quirement for humans eating 2000 kcal would be about 12-25 ug daily.
In another study by Uthus (unpublished findings), four groups of chicks
were fed a basal diet containing about 10 ng As/g. Arsenite, as NaAsO,,
was supplemented to the diet at 0, 0.1, 1, and 10 ug/g. The study
indicated that 0.1 pg As/g of diet was adequate and that the minimum
requirement of arsenic for chicks fed an 18% casein, 67% ground corn,
and 7.5% corn oil diet is between 0.01 and 0.1 ug As/g diet. Without
further information on how the chicks would have responded in this
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study to supplements lower than 0.1 pg/g diet, a minimum require-
ment of the chick for arsenic is still assumed to be 25-50 ng/g.

Given the apparent lack of arsenic deficiency as a practical nutri-
tional problem in humans and the derived requirement of arsenic for
humans, it would seem that current dietary intakes satisfy the needs
for arsenic. Thus, it seems appropriate to suggest that an ESADDI of
arsenic by adults is 12-40 ng. By extrapolation on a body weight basis
and an arsenic ESADDI of 1240 ug for a 70 kg person, the arsenic
ESADDI for infants 0-0.5 years (6 kg) is 1-4 ug; infants 0.5-1 years (9
kg), 2-5 png; children 1-3 years (13 kg), 3-8 pg; children 4-6 years (20
kg), 4-12 pg; and for children 7-10 years (28 kg), S-16 pg. The upper
limit of the safe and adequate range probably could be higher than
140 pg/day because arsenic apparently is not toxic at intakes between
140 and 250 pg/day. This statement is based on FAO/WHO maximum
acceeptable daily load for a 70-kg person (Dabeka et al. 1987) and a
study by Buchet et al. (1981h) that showed that the methylation capac-
ity of humans was only stightly reduced when oral intakes exceeded
250 pg As/dav. Until more precise recommendations can be made, the
consumption of a well-balanced and varied diet is the best assurance
of a safe and adequate intake of arsenic based on extrapolated values
of arsenic requirements for humans (12-25 pg daily) and on the aver-
age daily intake of arsenic by humans (12—40 pg/day).

An clement is considered essential when a deficiency of the clement
produces an impaired function that can be overcome by supplementa-
tion of physiologic amounts of the element. Ultimately, the biochemi-
cal basis for essentiality must be demonstrated. Because the postulated
dictary requirement for humans (12-25 pg daily) is close to the aver-
age daily intake of arsenic (120 pg), an inadequate intake of arsenic
detrimental to optimal health and well-being could possibly occur.
1'his possibility could be enhanced by other conditions. As adapted
from Niclsen (1991) for trace and ultratrace elements in general, these
conditions include 1) inborn errors of metabolism that affect absorp-
tion, retention, or excretion; 2) alterations in metabolism or biochem-
istry as a sccondary consequence to malnutrition, disease, injury, or
stress; 3) omission from a total parenteral nutrition solution; 4) mar-
ginal deticiency induced by various dictary manipulations or by an-
tagonizing interactions with other nutrients or drugs; and 5) the en-
hanced requirement for a trace element caused by a sudden or severe
change in the system requiring that element. Thus, the closeness of
the postulated requirement and reported average intake of arsenic
may be of concern, especially if the need for arsenic is enhanced by
nutritional stressors that upset sulfur amino acid or labile methyl
metabolism.

280 Risk Assessment of Essential Elements



References

Anke M (1986) Arsenic. In Mertz W (ed), Trace elements in human and
animal nutrition. Academic Press, Orlando, FL, pp 347-72

Anke M, Griin M, Partschefeld M (1976) The essentiality of arsenic for
animals. In Hemphill DD (ed), Trace substances in environmental health.
University of Missouri, Columbia, pp 403-9

Bertolero F, Marafante E, Edel Rade ], et al. (1981) Biotransformation and
intracellular binding of arsenic in tissues of rabbits after intraperitoneal
administration of “#As labelled arsenite. Toxicology 20:35-44

Brown CC, Chu KC (1986) Implications of the multistage theory of carcino-
pgenesis applied to arsenic. ] Natl Cancer Inst 70:455-63

Buchet JP, Lauwerys R (1988) Role of thiols in the in vitro methylation of
inorganic arsenic by rat liver cytosol. Biochem Pharmacol 37:3149-53

Buchet JT, Lauwerys R, Roels H (1981a) Comparison of the urinary excre-
tion of arsenic metabolites after a single oral dose of sodium arsenite,
monomethylarsonate, or dimethylarsinate in man. Int Arch Occup En-
viron Health 48:71-79

Buchet JB Lauwerys R, Roels H (1981b) Urinary excretion of inorganic
arsenic and its metabolites after repeated ingestion of sodium metaarsenite
by volunteers. Int Arch Occup Environ Health 48:111-18

Buchet JP, Lauwerys R, Vandevoorde A, Pycke JM (1983) Oral daily intake
of cadmium, lead, manganese, copper, chromium, mercury, calcium,
zinc and arsenic in Belgium: a duplicate meal study. Food Chem Toxi-
col 21:19-24

Cornatzer WE, Uthus EO, Haning JA, Nielsen FH (1983) Effect of arsenic
deprivation on phosphatidylcholine biosynthesis on ‘liver microsomes
on the rat. Nutr Reports Int 27:821-29

Crecelius EA (1977) Changes in the chemical speciation of arsenic follow-
ing ingestion by man. Environ Health Perspect 19:147-50

Dabeka RW, McKenzie AD, Lacroix GM (1987) Dietary intakes of lead,
cadmium, arsenic and fluoride by Canadian adults: a 24-hour duplicate
diet study. Food Addit Contam 4:89-102

Evans WH, Sherlock JC (1987) Relationships between elemental intakes
within the United Kingdom total diet study and other adult dietary
studies. Food Addit Contam 4:1-8

Fowle JR 1II, Abernathy CO, Mass MJ, et al. (1991) Health effects research
needs for assessment of arsenic in drinking water. In Beck BD (ed),
Trace substances in environmental health-2S: supplement to vol 14
(1992) of Environ Geochem Health Conference Proceedings, Colum-
bia, MO, pp 251-71

Ishinishi N, Tsuchiya K, Vahter M, Fowler BA (1986) Arsenic. In Friberg
L, Nordberg GE Vouk V (eds), Handbook on the toxicology of metals,
2nd ed. Elsevier, New York, pp 43-83

Kaise T, Watanabe S, [toh K (1985) The acute toxicity of arsenobetaine.
Chemosphere 14:1327-32

Mayer DR, Kosmus W, Pogglitsch H, et al. (1993) Essential trace elements
in humans: serum arsenic concentrations in hemodialysis patients in
comparison to healthy controls. Biol Trace Elem Res 37:27-38

Mealey J Jr, Brownell GL, Sweet WH (1959) Radioarsenic in plasma, urine,

Eric O. Uthus 281



normal tissues, and intracranial neoplasms. Arch Neurol Psychiat 81:310~
20

Mykkdnen H, Rdsdanen L, Ahola M, Kimppa S (1986) Dietary intakes of
mercury, lead, cadmium, and arsenic by Finnish children. Hum Nutr
Appl Nutr 40:32-39

National Academy of Science (NAS) (1977) Medicinal and biologic effects
of environmental pollutants: arsenic. NAS, Washington, DC

Nielsen FH (1991) Trace elements (nutrition). In Dulbecco R (ed), Ency-
clopedia of human biology. Academic Press, San Diego, CA, pp 603-13

Nielsen FH, Givand SH, Myron DR (1975) Evidence of a possible require-
ment for arsenic by the rat (abstract). Fed Proc 34:923

Nielsen FH, Shuler TR (1978) Arsenic deprivation studies in chicks. Fed
Proc 37:893

Niclsen FH, Uthus EO (1984) Arsenic. In Frieden E (ed), Biochemistry of
the ultratrace elements. Plenum Press, New York, pp 319-40

Pomroy C, Charbonneau SM, McCullough RS, Tam GK (1980) Human
retention studies with “As. Toxicol App! Pharmacol 53:550-56

Schroeder A, Kanisawa M, Frost DV, Mitchener M (1968) Germanium,
tin, and arsenic in rats: effects on growth, survival, pathological lesions
and life span. J Nutr 96:37-45

Tam GKH, Charbonneau SM, Bryce F et al. (1979) Mctabolism of inor-
panic arsenic (“As) in humans !ollowmb oral ingestion. Toxicol Appl
Pharmacol 50:319-22

Uthus EO, Cornatzer W, Nielsen FH (1983) Consequences of arsenic dep-
rivation in laboratory dHlHH(S In Lederer WH, Fensterheim R} (eds),
Arsenic: industrial, biomedical, environmental perspectives. Van Nos-
trand Reinhold, New York, pp 173-89

Uthus EO, Niclsen FIL(1986) Lifects of dietary guanidoacetic acid on arse-
nic deprivation in chicks, ND Acad Sci 40:84

Uthus 1O, Nielsen T (1987) Methyl depletion affects the response of rats
to arsenic deprivation. Nutr Res 7:1061-72

Uthus EQ, Pocllot R (1990) Effects of dietary methionine on signs of arse-
nic deprivation in rats. ND Acad Sci 44:90

Uthus EO, Pocllot R (1993) The effect of dictary pyridoxine on arsenic
deprivation in rats. Mag Trace Elem 10:339-47

Uthus FO, Poellot R, Nielsen FH (1989) The effect of arsenic deprivation
on polyamine content and the activity of S-adenosylimethionine and
ornithine decarboxylase in rat liver. In Anke M, Baumann W, Bratinlich
I, et al. (eds), Spurenelement—symposium: molybdenum, vanadium,
and other trace elements. Friedrich-Schiller-Universitat, Jena, Germany,
pp 1013-17

Vahter M, Envall J (1983) In vivo reduction of arsenate in mice and rab-
bits. Environ Res 32:14-24

Valentine JL, Kang HK, Spivey G (1979) Arsenic levels in human blood,
urine, and hair in response to exposure via drinking water. Environ Res
20:24-32

Vallee BL, Utmer DD, Wacker WEC (1960) Arsenic toxicology and bio-
chemistry. Arch Ind Health 21:132-50

Yamato N (1988) Concentrations and chemical species of arsenic in hu-
man urine and hair. Bull Environ Contam Toxicol 40:633-40

282 Risk Assessment of Essential Elements



Risk Assessment
of Essential Elements

Edited by Walter Mertz, Charles O. Abernathy, and Stephen S. Olin

"AINSTITUTE:

ILSI Press
Washington, D.C.



The use of trade names and commercial sources in this document is for
purposes of identitication only, and does not imply endorsement by the
International Lite Sciences Institute. I addition, the views expressed herein
are those of the individual authors and/or their organizations, and do not
necessarily retlect those of 1LSH

Copyright © 1994 by the International Life Sciences Institute.

Al rights reserved. No part of this publication may be reproduced, stored
in a retrieval system, or transmitted, in any form or by any means, clectronic,
mechanical, photocopying, recording, or otherwise, without the prior written
permission of the copyright holder.

TLST Press

fnternational Life Sciences Institute

1126 Sixteenth. Street, N

Washington, D.C. 20036 U.S.A.

Printed in the United States of America

Library of Congress Catalog Number 94-75706

ISBN 0-944398-21-9



